ABSTRACT Hexagonal boron nitride intercalated multilayer grapheme (hBN-IMLG) promises one of the potential materials for high performance tunable passive components in terahertz (THz) band, due to its good electrical properties and impressive tunability with electrostatic biasing. In this paper, the high-frequency characteristics of the hBN-IMLG-based structure and tunable THz resonator are systematically investigated with the multiconductor transmission line (MTL) model. The MTL model is employed to calculate the resonant frequency, unloaded Q-factor and to investigate the tunable characteristics of the THz resonator. Simulated results indicate that by applying a biasing voltage of 0.8 V, the THz resonator based on the experimentally achievable hBN-IMLG parameters can provide a tuning ratio up to 4.74% with the Q-factor larger than 20. By properly selecting the geometry of resonator and the electrical parameters of graphene, a large tuning ratio up to 21% can be realized. There is a tradeoff between the Q-factor and the tuning ratio.
I. INTRODUCTION
As the technology of integrated circuits continuously scales down and the operation frequency aggressively goes up, challenges for conventional metal based passive components become prominent, such as conductivity degradation due to increased carrier scattering, thermal and reliability issues caused by incremental current density, and huge power dissipation resulted from the skin effect [1] - [4] . To solve these issues, researchers around the world have been pursuing to explore the novel electromagnetic materials and innovative fabrication technologies for the applications of passives.
Carbon nanomaterials (CNMs), such as carbon nanotube (CNT) and graphene, exhibit attractive electrical, thermal, and mechanical properties, including the capability to carry high current density, superb thermal conductivity, strong intrinsic strength, and long mean free path (MFP), promising one of the potential candidates for high-performance passives [4] - [9] . Especially, the very large momentum relaxation time in CNMs leads to large kinetic inductance, which causes the skin depth to saturate with the increase of frequency and thereby limits the increased resistance at high frequencies in a bundle or multilayer carbon nanostructure [10] , [11] .
Graphene is advantageous to CNT from the fabrication perspective due to its more controllable planar structure [5] , [11] . Graphene can be either single layer or multilayer. Theoretical works have identified that multilayer graphene (MLG) is more attractive than single layer graphene (SLG) for passive applications, due to the higher resistance of SLG. However, neutral MLG still has much lower conductivity compared to bulk metals owing to the relatively lower carrier density. Moreover, the electrical conduction of graphene is significantly affected by the substrate material. It was reported that graphene interconnects and devices on standard SiO 2 substrate suffer from degraded carrier mobility caused by scatterings from high surface roughness, large density of charge traps and defects, surface optical phonons, thereby exhibiting much inferior characteristics to the intrinsic properties of suspended graphene [12] . To make things worse, the interlayer coupling in MLG deteriorates the energy dispersion from linear form (for SLG) to quadratic form (for graphite) [13] , which greatly reduced the carrier mobility and conductivity, as well as the kinetic inductance. There is a growing demand, therefore, to find substrates to retain the graphene quality and to develop intercalation technologies to suppress the interlayer coupling and preserve the energy dispersion of SLG.
Recently, hexagonal boron nitride (hBN), a wide-bandgap insulator that shares similar crystalline structure with graphene, has emerged as a suitable substrate material for graphene. Graphene interconnect on the hBN substrate provided good performance and reliability in terms of sheet resistance, carrier mobility, and breakdown characteristics [14] . By encapsulating graphene interconnect by hBN, significant improvements in both the maximum current density and breakdown voltages were demonstrated [1] , and micrometer-scale ballistic transport is exhibited [15] . An hBN/graphene/hBN field-effect transistor (FET) showed higher carrier mobility and injection velocity compared with graphene FETs sandwiched between SiO 2 and Al 2 O 3 [16] . Due to its atomically smooth surface with fewer charge traps and dangling bonds, hBN was also used as intercalation layers for MLG to improve its in-plane conductance [13] . Besides, growth methods have been developed to rapidly yield largearea, high-quality graphene directly on hBN and vice versa, using chemical vapor deposition technique [17] , [18] . To keep pace with the progress in technology, detailed modelling and analysis of the high-frequency behavior of hBN intercalated multilayer graphene (IMLG), i.e. hBN-IMLG, is of absolute necessity. It is one of the motivations of this work and is also the basis for following high-frequency passive design.
As a common passive component, electromagnetic resonator plays a critical role in microwave, millimeter-wave and terahertz (THz) circuits, such as filters, sensors, and oscillators. It was found that the resonators based on multiwalled CNT [8] , [19] and AsF 5 IMLG [20] could outperform the copper counterpart, especially in low THz range. On the other hand, frequency tunability is an important performance for resonators. When the multiwalled CNT is electrostatically biased, a tunable resonator is realized with the maximum tuning ratio of 60% under a biasing voltage of 0.6 V [21] . In our previous work [22] , a tunable THz resonator based on an electrically biased IMLG was proposed and analyzed by using the equivalent single conductor (ESC) method. The tunability was achieved with the field-dependent kinetic inductance of biased graphene. However, the physical mechanism behind the high-frequency behavior of IMLG passive structure and tunable resonator was still not clearly clarified. Besides, the ESC model is a simplified and approximate presentation of bundle and multilayer CNMs, and cannot accurately capture the current distribution of each unit, leading to inappropriate estimation of the overall performance, such as the unloaded Q-factor and power handling capacity. Therefore, a more precise method, such as multiconductor transmission line (MTL) method, should be employed.
In the work, the high-frequency behaviors of hBN-IMLG structure and its implication for tunable THz resonator are investigated comprehensively. Firstly, the electrical parameters of hBN-IMLG are extracted based on the experimentally achieved sample, with the underlying physical mechanism clarified. Then, the high-frequency behaviors of hBN-IMLG structures are investigated with the MTL model and compared with the ESC model. After that, the highfrequency performance and the tunable characteristics of hBN-IMLG based THz resonator are captured carefully with the MTL model. The biasing voltage-, geometry-and graphene electrical properties-dependent resonant frequency, tuning ratio and Q-factor are explored to provide guidelines for realizing other novel graphene based passive components. Fig. 1 shows the cross-sectional views of neutral MLG and hBN-IMLG placed on a SiO 2 substrate, which is covered by a metallic layer on the back side. The intercalated hBN can be monolayer or multilayer [15] , [23] . Without loss of generality, we assume that N S layers of hBN are uniformly intercalated into two adjacent graphene layers. The substrate thickness is H . The width and thickness of graphene are denoted by W GR and H GR , respectively. S 0 and S 1 are the spacings between two adjacent graphene layers for neutral MLG and hBN-IMLG, respectively. It was shown that both graphene and hBN present practically identical interlayer distance about 0.34 nm [24] , which is the Van der Waal's gap. Therefore, S 0 is 0.34 nm and S 1 is (N S + 1)S 0 . The number N of graphene layer is then equal to H GR divided by S 0 for neutral MLG, and H GR divided by (N S +1)S 0 for hBN-IMLG. The electrical parameters of the neutral MLG and hBN-IMLG are listed in Table 1 [15] , [25] , where n is the carrier concentration, λ mfp denotes the mean free path (MFP). Then the Fermi level E F can be extracted using the carrier VOLUME 5, 2017 Table 1 .
II. INTERCALATED MULTILAYER GRAPHENE (IMLG)
concentration n by
whereh is the reduced Plank's constant, v F = 10 6 m/s is the Fermi velocity. Here the Fermi level of neutral graphene is assumed to be 0 since the substrate usually has negligible impact on the layers that are above the first few layers [5] . And the momentum relaxation time τ , which is half of the backscattering time τ b , can be obtained from [11] 
The density functional theory (DFT) calculations have shown that due to the interlayer decoupling effects, intercalating MLG with hBN layers makes the energy dispersion of MLG change to the linear form as the SLG and without a zero-field bandgap in graphene, thereby preserving its semimetal nature [13] , [23] . Then, each graphene layer in the hBN-IMLG can be approximated by a single conductor, with its surface conductivity given in [5] 
where σ DC is the DC surface conductivity of graphene, e is the elementary charge, K B is Boltzmann's constant, and T is the temperature. At high frequencies, if the anomalous skin effect (ASE) occurs, the electromagnetic effects in graphene become very complicated, and the Boltzmann equation cannot be simplified to the Ohm's law. As investigated in [11] , a factor of critical ratio (CR) is defined as
where ω = 2πf is the angular frequency, µ 0 is the permeability of free-space, and σ is the in-plane conductivity, which is equal to σ DC divided by the spacing between two adjacent graphene layers. When CR approaches and becomes larger than unity, ASE occurs and the Ohm's law is not valid any longer. Under such circumstance, the high-frequency analysis of graphene should be strictly started from the Boltzmann equation, with no term can be neglected. Fig. 2(a) shows the variation of CR with frequency among the low THz band (0.3∼3 THz) for both neutral MLG and hBN-IMLG. It is observed that CR in hBN-IMLG is almost smaller than one, which indicates that the hBN-IMLG can be analyzed with the normal skin effect. Then, the surface resistance R S and skin depth δ are calculated approximately in [11] 
Figs. 2(b) and 2(c) show the frequency-dependent surface resistance and skin depth, respectively. The surface resistance of hBN-IMLG is much smaller that of neutral MLG and is almost frequency invariant, showing better performance for passive applications. The skin depth around 200 nm of hBN-IMLG is much smaller compared with neutral MLG because of the higher conductivity. It can be expected that hBN-IMLG based passives may outperform their neutral MLG counterparts.
III. MODELING AND ANALYSIS OF hBN-IMLG AT HIGH FREQUENCIES A. MULTICONDUCTOR TRANSMISSION LINE AND EQUIVALENT SINGLE CONDUCTOR MODELS
Since the intercalated hBN layer serves as an isolator and makes graphene layers decoupled, each graphene layer in hBN-IMLG can be viewed as a single conductor and the interlayer tunneling conductance is neglected here. Only the electric and magnetic coupling effects are taken into account in our model, in the forms of per unit length (p.u.l.) magnetic inductance L M and electrostatic capacitance C E between adjacent layers or ground. The extracted relative dielectric constant of hBN film with several layers is 2-4 [26] . Here the value is chosen as 3. The adjacent layers are modelled as two parallel plates while the bottommost layer of graphene and the ground plane are modelled as a microstrip structure [20] .
The p.u.l. series impedance, scattering resistance and kinetic inductance of each graphene layer in the hBN-IMLG are given by
The quantum resistance for each layer is R q = R s λ mfp . And the quantum capacitance of each graphene layer is calculated in [27] 
Assuming that all the graphene layers in the hBN-IMLG are parallel connected at both ends and participate to conduction. Then, the hBN-IMLG can be represented as an N -conductor transmission line and analyzed by the MTL model, in which the transmission line equations are given by
where V and I are the vectors of voltages and currents in the frequency domain. The matrices of p.u.l. scattering resistance (R S ), kinetic inductance (L K ), and quantum capacitance (C Q ) are given by
L M and C E are the matrices of p.u.l. magnetic inductances and electrostatic capacitances and can be obtained from C E and L M in [8] and [28] 
where T is the N × N unit upper triangular matrix and the subscript 't' represents the transposition.
With the equivalent circuit parameters described above, hBN-IMLG based passives can be analyzed with the MTL method, which is expected to provide accurate results. In order to reduce the computational effort with MTL approach for thick graphene structures, the ESC model in [8] is used. Then, the hBN-IMLG placed on a SiO 2 substrate can be regarded as a single transmission line with the analysis significantly simplified.
B. COMPARISON BETWEEN THE MTL AND ESC MODELS
The transmission line equations of ESC model is actually a special case of MTL model. Both of them can be analyzed by applying the eigenvalue decomposition technique [29] , with the ABCD-matrix of the hBN-IMLG expressed as the function of angular frequency ω. When perfect electrode contacts are assumed and only the quantum contact resistance between each graphene layer and the metal pad is considered, the vectors of the input and output currents for MTL model is given by 
The input and output currents of the hBN-IMLG are computed as the sum of the currents on each graphene layer. It should be noted that for the ESC model all the vectors and matrices in Eq. (16) Here all the N layers are parallel connected at both ends, with one end (input termination) applied by a sinusoidal voltage source with a constant amplitude of 0.1 V at 1.0 THz and the other end (output termination) short-circuited. The cross section of hBN-IMLG is almost an equipotential plane, which validates the key assumption of ESC model. However, the current distribution is quite nonuniform. The maximal current amplitude among the layers along the hBN-IMLG structure calculated with both MTL and ESC models are compared in Fig. 3(c) . It is observed that the ESC model always underestimates the values of maximum current on one layer, which not only may mislead the design of the hBN-IMLG based component, but also will affect the power handling performance evaluation, as investigated later.
The accuracy of the ESC model is further assessed by estimating the relative errors on the amplitude M and phase P of the input-to-output current transfer functions [28] , H MTL and H ESC , which are calculated by applying the MTL and ESC models, respectively 
The obtained results are shown in Fig. 4 for hBN-IMLG structures with different thicknesses, where W GR = 4 µm, L GR = 4 µm and N S = 1. Large errors are observed for both the amplitude and phase of the current transfer function, especially for thicker structures. The phase error even exceeds 100% in some frequency points. Since current distribution is a prerequisite for performance estimation of passive components, the MTL model should be employed to accurately capture the electrical performance.
IV. hBN-IMLG BASED TUNABLE THz RESONATOR
For graphene based THz components and devices, there usually are two typical ways to achieve the tunability. The first one is utilizing the field effect of gated graphene structure [30] , and the other one is taking advantage of the field-dependent kinetic inductance of biased graphene as in CNT [8] . The former one makes the device structure complicated, and requires very thin substrate if large tuning range is desired. This limits the application of some graphene based passive components. Based on the latter mechanism, a tunable THz resonator constituted by an electrostatically biased hBN-IMLG is proposed in this paper. Fig. 5 shows the schematic view of the proposed graphene resonator, which is an hBN-IMLG with two open ends, placed on a SiO 2 substrate with a metallic layer covering on the back side. In order to apply the biasing voltages, two metal (Au) electrodes are connected at the two ends. By changing the voltage drop across the resonator V bias = |V 1 − V 2 |, the performance of the resonator can be tuned electrically.
A. CIRCUIT MODEL OF AN ELECTROSTATICALLY BIASED hBN-IMLG
The equivalent circuit model of the electrostatically biased hBN-IMLG is extracted starting from the Landauer's formula, combined with the graphene band structure and Matthiessen's rule, as shown in Fig. 6 . By assuming a certain biasing voltage V bias and an ambient temperature T amb , the DC conductance σ DC and thus the p.u.l. scattering resistance R s can be calculated. Since the voltage adopted across FIGURE 6. Outline of the analysis methodology for hBN-IMLG based tunable THz resonator [22] .
the hBN-IMLG will cause self-heating effect, the resulted temperature rise T , calculated by utilizing the temperature rise model of a microstrip line, is used to update the values of σ DC and R s . Here the ground is assigned as the heat sink of the resonator, and the hBN-IMLG together with the two metal pads is regarded as an entire heat source without considering the internal temperature redistribution, since the thickness of hBN-IMLG is very small and the thermal conductivity is high enough. After the aforementioned iteration converges, the temperature-dependent R s , L k , and C q are obtained [22] . The p.u.l. electrostatic capacitance C E and magnetic inductance L M are calculated as in Section III. Then, both the MTL and ESC models are applied to predict the performance of tunable hBN-IMLG based resonator.
B. PERFORMANCE PREDICTION OF THE PROPOSED TUNABLE RESONATOR
The main design parameters of a resonator are the resonant frequency f 0 and the unloaded Q-factor Q u . As shown in Fig. 5 , since all the layers are connected to the metal pad at z = L GR /2, we can set V(L GR /2)=[1] N to calculate the input admittance of the half structure with metal electrode for MTL/ESC model, which is given by
where C pad describes the pad capacitance at the two ends of the resonator and can be extracted with ANSYS Q3D, and I n (L GR /2) is the n-th component of the current vector I at z = L GR /2. For the ESC model, N equals to 1. The resonant frequency f 0 = ω 0 /2π is defined as the frequency where the imaginary part of Y in is equal to 0, and the corresponding unloaded Q-factor Q u , due to the power dissipation in the hBN-IMLG and contacts, can easily be obtained [8] . To further compare the effectiveness of the two methods, more data about the performance of hBN-IMLG based resonator is calculated and listed in Table 2 with different biasing voltages and intercalation configurations, where W GR = 4 µm, L GR = 100 µm, H = 5 µm, and N = 100. The resonant frequencies obtained with the ESC method are always a little lower than those calculated by the MTL method, with the relative errors smaller than 2%. However, VOLUME 5, 2017 Further, the power dissipated in the metal pads (Q pad ), the ground plane (Q GND ) and radiation (Q rad ) are also considered for accurately predicting the unloaded Q-factor, given in [8] where Q IMLG and Q con are the Q-factors due to the electromagnetic losses of hBN-IMLG and graphene-to-metal contacts. Therefore, although the resonant frequencies can be determined approximately by using the ESC method, the MTL method should be utilized to accurately capture the critical characteristics, especially the Q-factors of hBN-IMLG based THz resonator.
Figs. 8(a) and 8(b) describe the variation of resonant frequency f 0 and the unloaded Q-factor Q u of the hBN-IMLG based resonators as the functions of graphene width W GR and the number of graphene layers N , where the typical parameters are taken as W GR = 4 µm, L GR = 50 µm, H = 5 µm, N S = 1, N = 100, and V bias = 0.3 V. The resonant frequency always increases with W GR and N , since the number of conducting channels increases when enlarging W GR and N , leading to the reduction of overall kinetic inductance, as well as the scattering resistance, which makes Q u generally hold the similar trends except for one or two obvious fluctuations. To explain this phenomenon, the corresponding detailed information for different Q-factors in Eq. (22) is depicted in Fig 9, where Q con and Q pad are omitted due to their extremely large values when compared with the other Q-factors. It can be seen that the Q IMLG dominates the Q u , and possesses the similar fluctuations, which is inferred from Fig. 7 . When the resonator resonates at where the real part of Y in for MTL method is much larger than that of Y in for ESC method, the calculated Q IMLG will present a relatively small value. Besides, form Fig. 9 we can see that Q rad decreases with W GR and N , and become comparable with Q IMLG at large values of W GR and N . The radiation loss increases due to the degradation of the slow-wave effect with the increase of W GR and N . Q GND also decreases with W GR but keeps larger than Q IMLG , because the return path has a relatively large size in comparison with the hBN-IMLG.
C. TUNABLE CHARACTERISTICS
With the experimentally achievable parameters of the hBN-IMLG sample at the state of the art [15] , as listed in Table 1 , the tunable characteristics of the THz resonator are investigated. The default geometric parameters are set to W GR = 2 µm, L GR = 50 µm, H = 5 µm, N = 50, and N S = 1. The maximum biasing voltage of 0.8 V is chosen to avoid too high temperature rise along the resonator, with the ambient temperature of T amb = 300 K. Fig. 10 shows the variations of resonant frequency and tuning ratio of the resonator, as the functions of W GR , N , and N S . The corresponding Q-factor of the biased case is shown in the insets. The curves of nonbiased resonant frequency are also plotted for comparison. The biased resonant frequency is always higher than the nonbiased one, and both of them increase with W GR and N and slightly decrease with N S . The tuning ratio is defined as the incremental resonant frequency to the nonbiased resonant frequency. We can see that smaller values of W GR and N will provide a larger tuning ratio. In the cases of Q-factor larger than 20, the tuning ratio can reach up to 4.39% and 4.74% for W GR = 1 µm and N = 20, respectively. When N S changes from 1 to 5, the tuning ratio remains around 2.75%. Therefore, once the material parameters are determined, it is quite difficult to achieve a tuning ratio larger than 5% while offering an applicable Q-factor by adjusting the structural parameters of hBN-IMLG resonator. In some applications, a larger tuning ratio would be desired.
The frequency tunable range of hBN-IMLG based THz resonator can be enlarged by reducing the Fermi Level E F . However, the Q-factor will be reduced at the same time. The Q-factor can be improved by using graphene with a long MFP. Fig. 11 shows the variations of resonant frequency, tuning ratio and corresponding Q-factor with W GR and N , where λ mfp and E F are set to 5 µm and 0.05 eV, respectively. The variation trends of the resonant frequency and tuning ratio with W GR and N are similar to what observed in Fig. 10 . With larger mean free path and lower Fermi level, the tuning ratio is significantly enlarged. When W GR = 1.4 µm, N = 30, and V bias = 0.8 V, the hBN-IMLG based resonator provides a tuning ratio up to 21% at 854 GHz with an unloaded Q-factor of 20. By increasing W GR and N , the Q-factor will be greatly improved at the cost of reduced tuning ratio. Therefore, one can design the tunable resonator considering the tradeoff between the tuning range and unloaded Q-factor.
V. CONCLUSION
The high-frequency behaviors of hBN-IMLG structure and its implication for tunable THz resonator are investigated, with the underlying physical mechanism clarified. Since the calculation of current distribution and unloaded Q-factor with the ESC model is inappropriate, the MTL model must be employed to evaluate the overall performance of the hBN-IMLG based THz resonator. The tunability is realized with the field-dependent kinetic inductance of biased graphene, and is determined by many factors, including the biasing voltage, the ribbon width, the layer number, the mean free path, and Fermi level of graphene. Numerical results indicate that a desired tuning ratio and an acceptable Q-factor can be achieved for the hBN-IMLG resonator by properly selecting these parameters. The method in this work can also be extended to analyze, design and realize other novel graphene based passive components. 
